Sound absorbing linings are effective noise treatments in many applications in order to meet noise emission requirements. Stricter noise requirements set harder demands on the performance of the liners, why better prediction models of their performance have to be developed. As of today, several models to predict the sound reducing properties in the presence of flow exist and are shown to give diverging absorption properties for locally reacting liners exposed to high Mach number flows. The effect of flow on absorption properties is often seen as an issue that only needs to be addressed at high Mach number flows. In this paper, the existing models are applied to bulk reacting liners exposed to low 
I. Introduction
OUND absorptive materials are used in numerous application in order to reduce sound emission levels spanning from aircraft engine noise to ventilation ducts. To address increasing demands on sound emission levels, sound 1 PhD-student, Acoustics Department, anna.farm@scania.com 2 Associate Professor, Department of Aeronautical and Vehicle Engineering, sboij@kth.se S reducing measures needs to be improved. To enable improvements and optimization of sound reducing treatments, prediction of the acoustic properties have to be modeled in the environment they are applied. Sound absorption is a system property, hence not only material properties have to be modeled, but also the sound and flow field must be included in the model. A common application for sound absorptive materials is acoustic linings which are, for example, used to reduce noise from aircraft engines. In these applications the linings are exposed to grazing flow and a boundary layer is created above the surface due to this. Sound propagation above the linings can be predicted by describing the lining as a local surface impedance boundary condition. This boundary condition affects the propagation above the lining and thus describing its sound reducing performance. Extensive research in the field of aircraft liners has been made and is still being carried out in order to better describe the effect of flow on the impedance boundary condition of the lining. Several competing models for the modified boundary condition have been proposed in this field [1] [2] [3] [4] [5] [6] . The flow is shown to considerably alter the lining performance at high Mach number flows 7 , although the size of the effect differs between the models. No consent has to the authors' knowledge been reached in the field on which of the existing models for the modified boundary condition that should be used. Measurements are being made, however, other phenomenon such as hydrodynamic instabilities above the surface arises 8, 9 why the predicted effects caused by the presence of the boundary layer are very difficult to determine. The measurements in this area are for this and other reasons troublesome to perform but they are essential in order to reach knowledge about the effect of grazing flow on acoustic properties of linings.
Previously, the impact of the different models of the modified boundary condition on the absorption coefficient of linings have been investigated for airliner applications, i.e. in locally reacting ducts at high Mach number flows. The difference in absorption for the different formulations for the boundary conditions has been proven to be substantial 7 . The most important parameter affecting the difference between the predicted effects of the flow was the boundary layer thickness. In other applications, such as in vehicles engine compartments, different conditions apply; the linings are bulk reacting and placed on flat surfaces exposed to complex sound field and grazing low Mach number flows.
In this paper, a comparison of the impact of existing modified boundary condition models of the generic case of a bulk reacting liner in Fig. 1 is made. The impact is calculated for low Mach number flows to visualize the importance of including the boundary layer effects for these conditions.
The modeling and prediction of surface properties of bulk reacting linings are described in section II. In section III, the existing modified boundary condition models are presented, as well as their implementation in the calculation of the surface properties. Finally, in section IV, the resulting absorption coefficient for a surface using the different modified boundary conditions are calculated and compared. Conclusions from these calculations as well as suggested continuation of the investigations conclude this paper in section V.
II. Modeling of the lining
Sound absorptive linings are composed of a sound absorptive material in front of an impervious rigid wall and the performance of the linings can be predicted and modeled in many ways. In this paper, the Transfer Matrix Method 10-13 , TMM, is used and the concept of TMM is to relate the acoustic state in one point to the state in another point by a matrix, T. The size of this matrix depends on the model used to describe the material, and for an equivalent fluid by Delany-Bazley 14 the transfer matrix is a 2 by 2 matrix. The acoustic state variables used for the corresponding case contains of the acoustic pressure, p, and the acoustic particle velocity, v, or the particle displacement. The transfer matrix for an equivalent fluid of thickness d is given here without derivation as 
In Eq. (1), k z is the wave number through the material layer, d is the thickness of the layer, ρ a is the density of the sound absorptive layer, and ω the angular frequency.
Parameters describing the performance of acoustic linings are the surface impedance, Z s , the reflection coefficient, R, or the absorption coefficient, α. They are easily obtained from the transfer matrix given the boundary condition; zero velocity at the backside of the layer. This gives the surface impedance at incident angle θ as
The reflection coefficient is obtained from the surface impedance as
where ρ 0 is the density of air and c 0 the speed of sound in air. The reflection and the absorption coefficients are related as = 1 − | | 2 . Note here that Z s depends on the angle of incidence in order to describe a bulk reacting medium. If a material, on the other hand, is assumed to be locally reacting, the surface impedance is independent of the incident angle and normally set to the value obtained at normal incidence. Examples of locally reacting linings are honeycomb structures and fibrous materials with cells or fibers perpendicular to the surface of the material.
III. Boundary conditions
The boundary conditions at a lined wall in a quiescent medium are continuity of mass and acoustic particle velocity (or equivalently particle displacement) perpendicular to the surface. This is often expressed as an impedance boundary condition, where the impedance at the surface is continuous. When the air above the surface is moving, the boundary conditions change since a boundary layer is created. A common way to include the effect of the boundary layer is to assume uniform flow and slip conditions, i.e. introducing a vortex sheet at the interface, coupling the acoustic pressure and particle velocity at both sides of the sheet via a boundary condition. This is hence a modified boundary condition, taking the boundary layer into account.
Implementation of this kind of modified boundary condition is in this paper made by a simple approach similar to the TMM. The coupling of the acoustic pressure and the normal particle velocity over the vortex sheet is described in a so called Interface Matrix as
where s indicates the surface without flow and c represents the surface above the vortex sheet, i.e. inside the flow.
Several modified boundary conditions exist, and four of these are described in the following and will be used for comparison in this paper. In the previously mentioned comparison study on the effect of high Mach number flows on locally reacting surfaces 7 , the flow profile inside the layer is shown to have less effect on the resulting absorption than the thickness of the boundary layer itself. Due to this, only a linear profile is used in the following calculations.
A. Myers' boundary condition
The first approach to solve the issue of the boundary layer effect on the surface properties was made by Ingard 1 and Myers 2 . They address the fact that continuity in particle displacement and particle velocity is not equivalent at an interface of two fluids moving at different speeds. They choose to assume continuity of displacement across the vortex sheet, independent of the thickness of the boundary layer. The interface matrix for this case is obtained as
where M is the Mach number in the mean flow. This boundary condition was for a long time the only existing model used in the field. Myers' condition is easily implemented due to its simplicity and the minimum of information needed of the boundary layer geometry etc. However, the condition has been proven to fail to describe the influence of the flow above the surface, in for example 15 .
B. Brambley's boundary condition
Due to the problems arising with the Myers' condition described above, a modified Myers' condition has been proposed by Brambley 6 . In this modified boundary condition, the boundary layer thickness, δ, and the velocity profile inside the boundary layer is taken in account and this gives a well-posed condition. The interface matrix for this boundary condition for a linear flow profile is given in Eq. (6).
Viscosity is neglected in this boundary condition.
C. Rienstra and Darau's boundary condition
A third model to include the effect of the boundary layer is proposed by Rienstra and Note that in the following, two values for σ in Eq. (7) are used; 1/3 and 1, in the same way as in 7 .
D. Aurégan et al.'s boundary condition
A fourth model for the modified boundary condition due to flow was proposed by Aurégan et al. 3 .
In this boundary condition, the effect of viscosity and temperature gradients are included in addition to the boundary layer thickness and flow profile. The effect of temperature gradients is though neglected in this paper. The condition depends on the ratio of the acoustic and hydrodynamic boundary layer thicknesses, and this ratio is included in a factor β v . For small ratios, the factor β v tends to zero and the boundary condition is almost equal to the Myers condition. The difference between the absorption obtained from this condition to the one obtained by Myers increases as the value of the ratio increases. A value of β v equal to one represents continuity of particle displacement over the vortex sheet whereas zero represents continuity of particle velocity. In this paper, the ratio 0.5 is used in the calculations, i.e. the acoustic boundary layer is half the size of the hydrodynamic boundary layer (corresponding to β v =0.3+0.2i for a linear flow profile). Although the acoustic boundary layer is normally much smaller than the hydrodynamic boundary layer for higher frequencies, this rather large ratio is chosen to show the effect of Aurégans' boundary condition compared to Myers' condition, as this effect is negligible for ratios of order 0.1 and smaller. The interface matrix for this condition is given in Eq. (8)
IV. Result and discussion
This study aims to visualize the influence of grazing low Mach number flows on the acoustic performance of linings, in order to determine the relevance to include such effects in prediction models. Secondly, the importance of the choice between the existing models to include flow effects will be addressed by comparing absorption coefficients calculated by the different models.
For these purposes, the four modified boundary conditions presented earlier in section III are implemented on the generic case shown in Fig. 1 . The absorbing lining is exposed to grazing flow of Mach number 0.1 and to plane sound waves at 3000 Hz at angles of incidence between 0 and 180 degrees. The lining is a 2 cm thick porous material with a flow resistivity of 5000 Rayls/m. The lining was modeled as an equivalent fluid described in section II. This corresponds to typical parameter values for a lined noise encapsulation on heavy vehicles.
The surface impedance Z s is determined by the TMM (section II) and the modified boundary condition Z c is determined by the interface matrix approach presented in section III from the boundary conditions in Eqs. (5) - (8) given the boundary layer thickness 2 cm. The absorption coefficient for the surface is calculated from Eqs. (2) and (3) and is shown for all described modified boundary conditions together with the no flow case in Fig. 2 .
Clear effects of the low Mach number flow on the absorption coefficient are seen in Fig. 2 . The impact of the modified boundary conditions is especially apparent at angles of incidence coinciding with peaks in the absorption coefficient. The relative difference is largest at angles near grazing incidence and minimum at normal incidence, which was expected. The impact of the different modified boundary conditions and more precisely the difference of the impact in between the conditions are more easily seen from the relative differences to the quiescent case in Fig. 3 .
Note here that the impact of the boundary condition is large near grazing incidence, at angles below 30-50 and above 130-150 degrees. This is seen for all boundary condition models, however, the angle interval inside which the impact is smaller varies between models.
The condition by Brambley has in the previously mentioned study 7 been stated to be closest to the exact solution * and it is notable here that the impact of this condition is larger than the others at many angles of incidence * The exact solution in the study is calculated from the Pridmore-Brown equation 16 using a shooting method. Relative difference between the absorption coefficients shown in Fig. 2 and the absorption coefficient for the no flow case.
and at the same time smaller at other angles. This makes it clear that it is not possible to construct any rule of thumb that one boundary condition over-or underestimates the effect of the flow.
Another important result seen in this Fig. 3 is to compare the relative difference with Brambley and the other conditions. The size of the effect of flow may be of the same order of magnitude for two conditions but of different sign.
This clearly indicates that the choice of modified boundary condition is of great importance when trying to capture the effect of flow on the performance of liners, even at these low Mach number flows. The predicted effect of the flow in a specific application, using a modified boundary condition that is inappropriate for the application, may be correct for some angles of incidence whereas it may be incorrect at others. At which angles the predicted effect is acceptable is not possible to predict due to the lack of verifying cases. The result may in the worst cases be of correct amplitude but with wrong sign. These results motivate further investigation on the boundary condition models and measurements to verify which of the conditions that is correct under certain circumstances, and which are not.
V. Conclusion
A numerical study of the effect of grazing flow on the sound absorption coefficient of a bulk reacting lined surface at low Mach number flow has been made. In the study, existing models to include flow effects by means of modified boundary conditions at the wall have been used, and the results from the models have been compared. The Transfer Matrix Method has been used to model the bulk reacting lining and an interface matrix approach was introduced to include the modified boundary conditions due to flow.
Grazing low Mach number flow is seen to introduce clear effects on the absorption characteristic of the bulk reacting lining. The effect is most articulated in regions close to maximum absorption; the absorption in increased in some of these regions and decreased in others. This is a clear indication of that the flow effect has to be taken in account in sound reduction predictions even at low Mach number flows.
The comparison of calculated absorption coefficients shows that the impacts of the modified boundary conditions are indeed different. The size of the difference depends on the angle of incidence, hence no conclusion as to which of the conditions that over-and underestimates the effect of the flow can be made. A main conclusion is that knowledge of when the different boundary conditions correctly predict the flow effect is vital in order to choose the correct model to account for the boundary layer at low Mach number flows.
Measurements and further numerical modeling are needed in order to verify which of the boundary conditions that is correct. Although these measurements are difficult to perform, measurement data is needed in this field to reach further understanding of the impact of flow on surface properties.
